In vivo, a marked difference in blood oxygen tension exists between the pulmonary artery and the aorta. Responses of vascular endothelial cells from these vessels to changes in ambient oxygen might be influenced by the oxygen tension to which they are continuously exposed in vivo or by their anatomic site. To explore this hypothesis, we initially studied the production of the cyclooxygenase metabolites prostacyclin and thromboxane in bovine aortic and main pulmonary arterial endothelial cells grown in 21% 02 and exposed to different degrees of acute hypoxia over a wide range of times. We found that short-term hypoxia (3% or 0% 02) rapidly and transiently activates the cyclooxygenase pathway in both cell types, with a more rapid response in bovine aortic endothelial cells. To determine whether culture in an oxygen tension similar to that to which main pulmonary arterial endothelial cells are exposed in vivo alters this response, we evaluated these cyclooxygenase metabolites in bovine aortic and main pulmonary arterial endothelial cells cultured long-term in 3% 02, both at baseline and after exposure to acute anoxia (0%N 02). In both cell types, we found a decrease in prostacyclin and thromboxane synthesis at baseline and evidence of an increase in the V.. of thromboxane synthetase following stimulation with exogenous arachidonic acid. In chronically hypoxic cells exposed to acute anoxia, there were marked differences in enzyme activity compared with that in endothelial cells maintained in 21% 02 with differences depending on the origin of the endothelial cells. In bovine aortic endothelial cells, production of neither cyclooxygenase metabolite increased; in bovine main pulmonary arterial endothelial cells, only thromboxane production increased, suggesting isolated activation of the cyclooxygenase-thromboxane synthetase pathway. These studies demonstrate that acute and chronic hypoxia have profound effects on endothelial cell cyclooxygenase metabolism and that these effects depend on the duration and degree of the hypoxic exposure and the vascular bed from which the endothelial cells are derived. (Circulation Research 1991;68:1446-1457 
Differences in Prostaglandin Metabolism
In vivo, a marked difference in blood oxygen tension exists between the pulmonary artery and the aorta. Responses of vascular endothelial cells from these vessels to changes in ambient oxygen might be influenced by the oxygen tension to which they are continuously exposed in vivo or by their anatomic site. To explore this hypothesis, we initially studied the production of the cyclooxygenase metabolites prostacyclin and thromboxane in bovine aortic and main pulmonary arterial endothelial cells grown in 21% 02 and exposed to different degrees of acute hypoxia over a wide range of times. We found that short-term hypoxia (3% or 0% 02) rapidly and transiently activates the cyclooxygenase pathway in both cell types, with a more rapid response in bovine aortic endothelial cells. To determine whether culture in an oxygen tension similar to that to which main pulmonary arterial endothelial cells are exposed in vivo alters this response, we evaluated these cyclooxygenase metabolites in bovine aortic and main pulmonary arterial endothelial cells cultured long-term in 3% 02, both at baseline and after exposure to acute anoxia (0%N 02). In both cell types, we found a decrease in prostacyclin and thromboxane synthesis at baseline and evidence of an increase in the V.. of thromboxane synthetase following stimulation with exogenous arachidonic acid. In chronically hypoxic cells exposed to acute anoxia, there were marked differences in enzyme activity compared with that in endothelial cells maintained in 21% 02 with differences depending on the origin of the endothelial cells. In bovine aortic endothelial cells, production of neither cyclooxygenase metabolite increased; in bovine main pulmonary arterial endothelial cells, only thromboxane production increased, suggesting isolated activation of the cyclooxygenase-thromboxane synthetase pathway. These studies demonstrate that acute and chronic hypoxia have profound effects on endothelial cell cyclooxygenase metabolism and that these effects depend on the duration and degree of the hypoxic exposure and the vascular bed from which the endothelial cells are derived. (Circulation Research 1991; 68:1446 -1457 V ascular endothelial cells produce and secrete diverse biologically active molecules that have profound effects on the migration, metabolism, growth, and configuration of numerous other cell types in the surrounding milieu. Although many studies have examined the effect of various stimuli on the release of cytokines from endothelial cells,1-3 few have evaluated the alterations caused by nontoxic decreases in ambient oxygen concentra-tion. [4] [5] [6] [7] In addition, the studies that have looked at the effects of hypoxia have only examined the effects of hypoxia at a single random point in time. It is likely, however, that the effects of hypoxia on vascular endothelial cells are not fully represented by measurements at a single time point, but are cumulative as the duration of hypoxia lengthens or the degree of hypoxia increases.
Of potentially greater importance is the fact that, in vivo, there is a marked difference in blood oxygen tension between the aorta and the main pulmonary artery. Therefore, responses of the vascular endothelial cells lining these vessels to changes in ambient oxygen could be influenced by their anatomic site and the oxygen tension to which they are continually exposed. Because main pulmonary arterial endothelial cells are obtained from a vascular bed in which the blood oxygen tension in vivo is much lower than the oxygen tension in which they are usually grown in vitro, a lower oxygen culture environment might be necessary to demonstrate a response to acute hypoxia similar to that seen in vivo.
In this study we explored the hypothesis that the anatomic location of the endothelial cells and the duration and degree of hypoxia are important factors in endothelial cell cytokine release following exposure to hypoxia. We determined the production of the cyclooxygenase metabolites prostacyclin and thromboxane since they are major cytokines produced by both aortic and pulmonary arterial endothelial cells and are of great importance because of their effects not only on vascular tone but also on numerous other cell types. Initially, we exposed bovine aortic and main pulmonary arterial endothelial cells grown in standard culture conditions (21% 02) to different gradations of hypoxia acutely and measured the release of these cyclooxygenase metabolites over a wide range of times. Next, using a system that allows for long-term culture of endothelial cells in a hypoxic environment,8'9 we maintained endothelial cells from both vessels long-term in 3% 02 and evaluated the production of these cytokines at baseline and after exposure to acute short-term hypoxia (0% 02). Finally, we initiated studies to define the mechanisms by which cyclooxygenase mrsetabolism is altered after exposure to acute and chronic hypoxia. In these studies, we found that acute and chronic hypoxia not only have profound effects on endothelial cell production of prostacyclin and thromboxane but also have different effects depending on the duration of hypoxia and the vascular bed from which the endothelial cells are derived.
Materials Preliminary experiments demonstrated similar results whether the cells were maintained in an incubator or in a sealed chamber. The cells were maintained in the same oxygen environment throughout their existence in culture (2-4 months). The chambers were regassed every 24 hours, and the partial pressure of oxygen in the culture medium was measured using a pH/blood gas analyzer (Instrumentation Laboratory, Lexington, Mass.). Endothelial cells were passed after treatment with trypsin-EDTA (0.25%, GIBCO). Endothelial cell purity was assessed by phase-microscopic "cobblestone appearance," the presence of factor VIII antigen, and angiotensin converting enzyme activity.4'9"10 To ensure further that endothelial cell characteristics had been retained after the 2-4 month culture in 3% 02, labeling of endothelial cells with fluorescent acetylated low density lipoprotein was performed.8'9 Experiments were performed using endothelial cells of passage three to 10 from several different primary cell lines. Within each experiment, aortic and main pulmonary arterial endothelial cells from the same calf, passed the same number of times, were used.
Experimental Designs
Endothelial cell prostacyclin and thromboxane synthesis was examined during three different hypoxic conditions. Initially ("Response to acute hypoxia"), aortic and main pulmonary arterial endothelial cells grown in standard culture conditions were exposed acutely to hypoxia or anoxia and the synthesis of the two metabolites was examined. Next ("Adaptive response to chronic hypoxia"), the baseline production of the two metabolites in aortic and main pulmonary arterial endothelial cells grown long-term (2) (3) (4) months) in 3% 02 was compared with that of endothelial cells grown in standard culture conditions. In addition, the responses to exogenous arachidonic acid and the distribution of the two metabolites in the endothelial cells grown long-term in the different 02 concentrations were compared. Finally ("Response of chronically adapted cells to acute hypoxia"), the synthesis and distribution of prostacyclin and thromboxane in chronically hypoxic endothelial cells were examined after exposure to acute hypoxia and compared with similar parameters in normoxic cells examined under the same conditions.
Response to acute hypoxia. To determine if preequilibration of the media before its addition to the endothelial cell monolayers altered the results from the above experiments, minimal essential medium without serum was equilibrated with 21%, 3%, or 0% 02 and 5% CO2 (balance N2) before incubation with the endothelial cells. This was achieved by bubbling the appropriate gas through the minimal essential medium in a closed container and measuring the partial pressure of oxygen every 5 minutes until the value had remained stable for 10-15 minutes. Preequilibrated medium was rapidly transferred to the monolayers, which were then incubated at 37°C in a sealed chamber gassed with the same 02 concentration.
To determine if the release of cyclooxygenase metabolites in response to acute hypoxia in the above experiments was maximal, arachidonic acid (Sigma Chemical Co., St. Louis) was added at the point of peak increase for each cell type. The culture media were collected at the appropriate time point (15 minutes for aortic endothelial cells and 60 minutes for pulmonary artery endothelial cells) and fresh minimal essential medium containing arachidonic acid (20 ,M) was added. After a 5-minute incubation, the media were collected and both were assayed for cyclooxygenase metabolites. To make certain that free arachidonic acid remaining in the culture media did not affect the radioimmunoassay, arachidonic acid (20 uM) was added to the dilutions used in making this standard curve.
Adaptive response to chronic hypoxia. For these experiments, aortic and pulmonary arterial endothelial cells that had been maintained long-term in 3% 02 were used. Baseline production of prostacyclin and thromboxane in these cells was compared with that in cells maintained in standard culture conditions (21% 02) by washing monolayers with phosphate-buffered saline, adding 1.5 ml minimal essential medium, collecting the medium 15-30 seconds after the addition, and processing it to determine 6-keto-PGF1l, and TxB2 production. To assess and compare the baseline responsiveness of the cyclooxygenase pathway in endothelial cells maintained in 3% and 21% 02, the monolayers were incubated with arachidonic acid (20 ,uM) for 5 minutes. Media were collected and assayed for 6-keto-PGFia and TxB2. To make certain that free arachidonic acid remaining in the culture medium did not affect the radioimmunoassay, arachidonic acid (20 ,uM) was again added to the dilutions used in making this standard curve.
Other experiments compared the baseline distribution of prostacyclin or thromboxane relative to total prostaglandin in chronically hypoxic endothelial cells. Endothelial cell monolayers maintained in 3% or 21% 02 were washed with phosphate-buffered saline and incubated with [14C]arachidonic acid (20 ,uM; Amersham Corp., Arlington Heights, Ill.) for 5 minutes. The media were collected and analyzed for production of 6-keto-PGFla and TxB2 by thin-layer chromatography. For thin-layer chromatography, samples of the media were brought up to 5 ml with distilled water and acidified by the addition of 10 gl of 1.5 M citric acid. Ethyl acetate (1 ml) was then added and the solution was vortexed vigorously for 5 minutes. Methanol (200 I,l) was added, and the solution was mixed and centrifuged at 1,000g for 10 minutes. The organic layer was removed and extracted with 1 ml water. The aqueous layer was extracted with 1 ml ethyl acetate. The ethyl acetate fractions were pooled and stored at -20°C until chromatography on silica plates. Immediately before chromatography, the samples were dried under nitrogen and resuspended in ethyl acetate (500 ,l). Labeled prostaglandin standards and arachidonic acid were dissolved in ethanol at 10-2 M and diluted to 1 gg/5 ,ul in ethyl acetate. The experimental samples and each standard (5 gl) were spotted and each chromatogram was developed in the organic layer of ethyl acetate: isooctane: acetic acid: water (11:5:2:10). The chromatograms were then dried and each lane was cut into 18 equal fractions. Each fraction was suspended in scintillation fluid and counted. Distribution of radioactivity of supernatants from endothelial cells maintained in 3% 02 was compared with that of supernatants from endothelial cells maintained in 21% 02.
Response of chronically adapted cells to acute hypoxia. To assess the effect of acute hypoxia on endothelial cells maintained in long-term hypoxia, experiments identical to those outlined in the response to acute hypoxia section were performed. Confluent monolayers from endothelial cells maintained long-term in 3% 02 were incubated with 1.5 ml minimal essential medium without serum for various times (5, 15, 60, 120, 240, 480 , and 1,440 minutes) at 37°C in a sealed chamber (Billups-Rothenberg) gassed with either 3% or 0% 02 and 5% CO2 (balance N2), and the supernatants were assayed for 6-keto-PGFla and TxB2. In addition, to determine if reexposure of chronically hypoxic endothelial cells to normoxic conditions altered prostaglandin synthesis, confluent monolayers from endothelial cells maintained long-term in 3% 02 were incubated with 1.5 ml minimal essential medium without serum for various times (5, 15, 60, 120, 240, 480, and 1,440 minutes) at 37°C in either 21% or 3% 02 and 5% CO2 (balance N2), and the supernatants were assayed for 6-keto-PGFla and TxB2. Baseline values in each experiment were determined as described above. At each experimental time point and at each 02 concentration, the partial pressure of oxygen in the culture medium was measured and endothelial cell monolayers were assessed for injury. Cyclooxygenase metabolites produced during the experimental period were expressed as a ratio of the amount of prostacyclin or thromboxane produced during the incubation with 0% 02 and the amount of prostacyclin or thromboxane produced during the same time period in 3% 02:
prostaglandin (ng/ml/106 cells) in 21% or 0% 02/ prostaglandin (ng/ml/106 cells) in 3% 02X100%=% control value. Data were likewise expressed in a noncumulative manner. In similar experiments, minimal essential medium without serum was preequilibrated with 21%, 3%, or 0% 02 and 5% CO2 (balance N2) before incubation with the endothelial cells.
In other experiments, the activity of the cyclooxygenase pathway in endothelial cells maintained longterm in 3% 02 and then exposed to additional short-term hypoxia was evaluated. Endothelial cell monolayers were rinsed with phosphate-buffered saline and incubated with 1.5 ml minimal essential medium without serum in 3% or 0% 02 and 5% CO2 (balance N2), for 60 minutes. At the end of this incubation, the culture media were collected and fresh minimal essential medium containing either unlabeled arachidonic acid (20 ,M) Figure 1A ). The peak of prostacyclin production occurred later in main pulmonary arterial endothelial cells than in aortic endothelial cells (absolute levels in normoxic main pulmonary arterial endothelial cells: baseline, 1.24±0.12; at 15 minutes, 1.43±0.08; at 60 minutes, 1.59±0.14 ng/ml/106 cells; n=20-25), but, as in aortic endothelial cells, production remained near or below control levels for the remaining time points examined, and was similar after exposure to either 3% or 0% 02 ( Figure 1B ). Figure 5A ) and a much greater decrease n n=20 -25) in baseline production of thromboxane in both cell types maintained chronically in 3% 02 ( Figure SB MINUTES FIGURE 6. Histogram of bovine aortic (BAEC) and pulmonary arterial (BPAEC) endothelial cells maintained long-term in 3% 02 and exposed to either 3% or 0% 02 for the times indicated. The supematants were assayed by radioimmunoassay for 6-ketoprostaglandin F,a. Prostacyclin produced during the experimental period was expressed as prostacyclin (ng/ml/ 106 cells) in 0% 02lprostacyclin (ng/ml/106 cells) in 3% 02x100%=% control value. Data were expressed in a noncumulative manner. n=10-20 for each time point; *p<0.05 compared with endothelial cells maintained in 3% 02. ng/ml/106 cells; n = 10-20) (Figure 6 ). However, after 60 minutes of exposure to 0% 02, there was an increase in thromboxane production that peaked at 240 minutes (absolute levels in chronically hypoxic main pulmonary arterial endothelial cells: baseline, 0.07±0.01; at 60 minutes, 0.09+0.02; at 240 minutes, 0.13+0.03 ng/ml/106 cells; n=10-20) (Figure 7) . Re (20 ,uM) was added. After a 5-minute incubation, the media were collected and both media assayed for cyclooxygenase metabolites by radioimmunoassay or thin layer chromatography. The increase in the amount of these cyclooxygenase metabolites following exposure to arachidonic acid was expressed as the percentage of the amount before arachidonic acid stimulation (% increase). The distribution of prostacyclin or thromboxane was expressed as the percentage of radioactivity in either cyclooxygenase metabolite relative to total radioactivity (% total prostaglandins). n = 10-12 for each condition. to values previously noted and there was no evidence of cell injury (data not shown). Repetition of the above experiments with preequilibrated medium again caused no significant qualitative alterations in the pattern of either prostacyclin or thromboxane release from either endothelial cell type when compared with the pattern observed with nonequilibrated medium (data not shown).
Exposure of these acutely hypoxic endothelial cells maintained long-term in 3% 02 to exogenous unlabeled arachidonic acid or [14C]arachidonic acid likewise caused differing responses. In aortic endothelial cells grown long-term in 3% 02 and exposed to 0% 02 for 60 minutes, there was no increase in either the amount of prostacyclin or thromboxane produced or the incorporation of radioactivity into these two cytokines compared with production or incorporation in endothelial cells maintained in 3% 02 for that time; in fact, there was a marked decrease in both products ( Table 2) . As in aortic endothelial cells under the same conditions, in pulmonary arterial endothelial cells there were also decreases in both the amount of prostacyclin produced and the incorporation of radioactivity into this cytokine. However, unlike production or incorporation in aortic endothelial cells, there was an increase in the amount of thromboxane produced and no change in the amount of radioactivity incorporated into thromboxane. In each experiment, cyclooxygenase metabolites were compared between early and late passage endothelial cells and among endothelial cells from different primary cell lines. Although quantitative differences were observed, the patterns of prostacyclin and thromboxane synthesis and distribution were qualitatively similar, independent of passage number or primary cell line tested. Thus, all aortic and main pulmonary arterial endothelial cells examined in these studies responded in like fashion to their respective counterparts.
Discussion
These studies demonstrate several aspects of the synthesis of the cyclooxygenase metabolites prostacyclin and thromboxane from cultured bovine aortic and main pulmonary arterial endothelial cells exposed to chronic or acute hypoxia. They suggest that both acute and chronic hypoxia affect cyclooxygenase production in each cell type, but that the effect differs depending on the vessel of origin of the endothelial cells.
With acute decreases in ambient oxygen, there was an early peak of both prostacyclin and thromboxane production in aortic and main pulmonary arterial endothelial cells grown in standard tissue culture conditions (21% 02). Thus, short-term exposure to hypoxia under these conditions rapidly and transiently activates the cyclooxygenase pathway in both cell types. However, there is a difference between the two cell types; the cyclooxygenase pathway in aortic endothelial cells is activated more rapidly in response to a decrease in oxygen concentration.
Studies using intact lungs,11"2 isolated perfused lungs,13-15 and isolated perfused hearts16"17 have demonstrated an increase in production of cyclooxygenase metabolites (usually prostacyclin) after 10-20 minutes of exposure to hypoxia. Studies of less complex tissue preparations such as umbilical arterial segments have also shown increased prostacyclin production after a 20-minute exposure to hypoxia.18,'9 In addition, microsomal preparations from these hypoxic umbilical artery segments demonstrated a greater amount of cyclooxygenase metabolites when exposed to exogenous arachidonic acid and exhibited an approximate 50% increase in the apparent Vm., of cyclooxygenase compared with microsomes from nonhypoxic umbilical arterial segments. 19 These studies suggested that vascular endothelial cells might be a source of the increased production of cyclooxygenase metabolites following short-term exposure to hypoxia.
We did find an increase in cyclooxygenase products from both endothelial cell types shortly after exposure to decreased ambient oxygen, implying that the increased levels of cyclooxygenase metabolites seen in the aforementioned studies could emanate, in part, from vascular endothelial cells. However, our results appear to conflict with those of a study that demonstrated a decrease in prostacyclin and thromboxane production in aortic and main pulmonary arterial endothelial cell following exposure to 0% 02.7 The experimental design of that study was different from ours in several ways, most importantly in that the effect of hypoxia was examined at only one time point (4 hours). Indeed, in our study, at 4 hours there was a decrease in both prostacyclin and thromboxane production after exposure to 3% or 0% 02, though not to the same level. A decrease in cyclooxygenase metabolites at the 4-hour time point can be explained by the fact that, after an early, transient increase, cyclooxygenase production is below baseline for the remainder of the experimental period.
Interestingly, when cyclooxygenase production has begun to fall, the enzyme pathways are still able to respond, as demonstrated by the marked increase in product after addition of exogenous arachidonic acid. This suggests that endogenous substrate is no longer being supplied to an active enzyme system, either because of utilization of all available endogenous substrate or alteration in one of the enzymes responsible for delivery of substrate to the cyclooxygenase pathway.
Of potentially greater importance was the marked alteration in cyclooxygenase metabolism after longterm exposure to hypoxia. These changes occurred in cells that proliferated, retained the characteristics associated with cultured endothelial cells, and demonstrated no evidence of cellular injury either longterm or acutely. Although the unstimulated production of both prostacyclin and thromboxane in endothelial cells maintained in long-term hypoxia was decreased compared with cells maintained in standard culture conditions, exposure to exogenous arachidonic acid caused a similar increase in cyclooxygenase activity in cells maintained in both oxygen concentrations. This response to exogenous arachidonic acid suggests that cyclooxygenase, prostacyclin synthetase, and thromboxane synthetase are intact in both cell types maintained chronically in 3% enzymes in this limb appears to be lengthened by this additional hypoxic exposure.
In this study, we found a difference in the synthesis of specific cytokines from endothelial cells derived from the systemic and main pulmonary vascular beds in response to decreased levels of ambient oxygen. Our results demonstrate that under standard culture conditions (21% 02), exposure to acute hypoxia causes a more rapid activation of the cyclooxygenase pathway in aortic endothelial cells. Furthermore, they demonstrate that cyclooxygenase pathway enzymes have a different susceptibility to chronic hypoxia depending on the vascular bed of origin of the endothelial cell. These studies thus add to a growing literature demonstrating heterogeneity in a variety of endothelial cell properties as diverse as prostanoid production,20 23 distribution of histamine receptors,2425 expression of plasminogen activators,26 and release of cytokines.6,27 However, this is the first study to demonstrate endothelial cell heterogeneity following long-term exposure to decreases in ambient oxygen concentration.
An obvious question arises from this study: Do the results have any implication in the control of vascular tone during acute or chronic hypoxia? The contribution of cyclooxygenase products to vascular tone during acute or chronic hypoxia is controversial,28,29 in part because most of the preparations in which an effect has been demonstrated lack all the cell types that would be present and possibly interactive in an intact animal. Interestingly, in a recent study in which an intact animal and a radioimmunoassay unavailable in earlier studies were used, acute hypoxia caused no increase in cyclooxygenase products measured in either the aorta or pulmonary artery or as a transpulmonary gradient, suggesting that in an intact animal these products are not of primary importance in controlling vascular tone during hypoxia. 30 In addition, acute hypoxia in both cultured aortic and main pulmonary arterial endothelial cells caused an increase in both the vasodilator prostacyclin and the vasoconstrictor thromboxane in cells grown in 21% 02. Thus, it is difficult to extrapolate the contribution of endothelial cyclooxygenase metabolites demonstrated in this study to vasoconstriction or vasodilation in an in vivo situation. Of interest, however, is the fact that cultured main pulmonary arterial endothelial cells grown chronically in 3% 02, a level of oxygen similar to that to which they are exposed in vivo, released only the vasoconstrictor thromboxane when exposed to acute hypoxia.
In summary, we have demonstrated not only that exposure to acute and chronic hypoxia has profound effects on the endothelial cell pathways synthesizing prostacyclin and thromboxane, but also that these effects are different depending on the duration of the hypoxic exposure and the vascular bed from which the endothelial cells come. In addition, this study raises the intriguing possibility that main pulmonary arterial endothelial cells maintained chronically in 3% 02 in vitro may be more representative of an in vivo situation than those maintained in a higher 02 concentration and may supply data that more closely reflects the situation in an intact animal.
